The extent of inter-material mixing and the formation of intermetallic compounds play a critical role in the structural integrity and mechanical properties of the joints in the case of dissimilar metal friction stir welding. In general, there is a critical volume fraction of the intermetallic compounds in the mix zone of the friction stir welding-joint at which the mechanical properties of the joint are maximized. That is, insufficient inter-material mixing and the accompanying subcritical volume fraction of the intermetallic compounds results in insufficient inter-material bonding and inferior joint strength. Conversely, super-critical volume fraction of the intermetallic compounds typically gives rise to the joint embrittlement. To address the problem of the effect of the friction stir welding process parameters on the extent of intermetallic compound formation, a multi-physics computational framework has been developed and applied to the case of dissimilar metal friction stir welding involving commercially pure (CP) aluminum and AISI 1005 low-carbon steel. The multi-physics framework comprises the following main modules: (a) finite-element-based friction stir welding-process modeling; (b) quantum-mechanics, atomistic and CALPHAD-type continuum material thermodynamics analyses of the intermetallic compound-nucleation process; (c) a continuum-type analysis of multi-component diffusion-controlled growth of the intermetallic compounds; and (d) Kolmogorov-Johnson-Mehl-Avrami type analysis of the evolution of the intermetallic compound volume fraction within the friction stir welding joint as a function of the friction stir welding process parameters. The results obtained revealed that: (i) the extent and the spatial distribution of the intermetallic compounds is a sensitive function of the friction stir welding-process parameters; and (ii) among the six potential Al-Fe intermetallic compounds, FeAl and Fe 3 Al are associated with the largest volume fractions and, hence, play a key role in both attaining the required joint strength and in the potential loss of the joint fracture toughness.
Introduction
In the present work, a multi-physics computational approach is utilized in order to analyze the dissimilar metal aluminum-to-steel friction stir welding (FSW) process and the formation of intermetallic compounds (IMCs) within the FSW joint. Consequently, the main topics that will be overviewed in the remainder of this section include: (a) the fundamentals of FSW, with emphasis on dissimilar metal FSW; (b) prior experimental work on dissimilar metal aluminum-to-steel FSW; and (c) prior computational work on dissimilar metal FSW. and advanced in order to generate (via frictionalsliding and plastic-work dissipation) the necessary heat required for a successful weld in the workpiece material(s) surrounding the tool/workpiece interface. A detailed description of the FSW process can be found in the work by Thomas and co-workers, 1,2 as well as in some more recent papers. [3] [4] [5] [6] A schematic of a prototypical setup used in the FSW fabrication of dissimilar metal aluminum-to-steel butt joints is shown in Figure 1 . It should be noted that in this figure, the front left corner of one of the workpieces (aluminum, in the present case) has been removed for clarity. Since details regarding the main steps involved in the dissimilar metal FSW process can be found in Grujicic et al., 3 they will not be repeated here. It should be noted, however, that in the case of dissimilar metal FSW, the tool is slightly offset from the mating surfaces into the softer workpiece component (aluminum, in the case of aluminum-to-steel FSW).
The key dissimilar metal FSW process parameters affecting both the weld quality/mechanical-properties and the process efficiency are: (a) workpiece materials and their (right vs. left side) placement relative to the tool-traverse direction and sense of rotation -in the case of dissimilar metal FSW, the harder workpiece material is typically placed on the advancing side of the weld, i.e. on the side of the weld on which the translational velocity and tangential component of the rotational velocity of the FSW tool are in the same direction; (b) tool rotational and traverse velocities; (c) tool-plunge depth, defined as the depth of the lowest point of the tool shoulder below the surface of the welded plate; (d) tool (rearward) tilt-angle; (e) tool-axis offset from the contact interface; (f) tool design; and (g) tool material.
FSW usually includes complex interactions and competition between different heat and mass transport phenomena, plastic deformation and damage/ failure mechanisms, and microstructure evolution processes. [7] [8] [9] [10] [11] [12] [13] [14] [15] As a result, the material microstructure (and mechanical properties) contained in the weld region is spatially diverse and highly complex. Investigations of metallographic samples from dissimilar metal FSW joints typically identify the following four well-defined weld zones (not including the basemetal zones, which are far enough from the weld zone not to have their properties/microstructure affected by the welding process), Figure materials (due to the material-specific processes such as recovery, recrystallization, grain growth, precipitate coarsening, precipitate dissolution, etc.) are affected only by the temperature changes associated with FSW; (b) the thermo-mechanically affected zone, TMAZ (located, for each material, closer than the HAZ to the workpieces' contact interface), in which the original grains experience a considerable change of shape, including elongation, flattening and bending, and the microstructural changes observed in the HAZ have occurred to a greater extent; (c) the stir zone (the innermost zone of an FSW joint), in which the soft-workpiece material is subjected to the most severe conditions of plastic deformation and high-temperature exposure (the conditions which yield dynamically recrystallized fine grains and highly altered precipitate structure, if applicable). This zone may often contain small fragments of the harder-workpiece material, and the surface layer of these fragments generally contains intermetallic compounds (IMCs) of different thickness/size; and (d) the mix zone, in which mixing of the two materials being joined takes place to the largest extent. It is the extent of inter-material bonding, through the formation of intermetallics, in this zone which typically controls the overall strength of the weld. That is: (i) inadequate material mixing associated with a lack of formation of IMCs results in a joint of inferior strength; and (ii) excessive growth and the formation of thick IMC layers and coarse particles in this zone causes local embrittlement. When the extent of inter-material mixing and the IMC layer thickness/particle size are adequate, mechanical failure under load occurs in other parts of the joint.
In the past, the FSW process was mainly limited to joining softer, non-ferrous (usually aluminum-based) alloys. However, this limitation has recently been addressed through the application of the FSW process in the joining of dissimilar metals (e.g. aluminum alloys and steel), which is the subject of the present work. An overview of the main efforts regarding this work is provided in the sections that follow.
Prior experimental work on dissimilar metal aluminum-to-steel FSW Since many aspects of dissimilar metal FSW are sensitive to the choice of the two materials being welded, and the present work is concerned with aluminum-tosteel FSW, the overview presented in this subsection will focus only on prior experimental work dealing with joining of aluminum to steel using FSW. Furthermore, since a similar overview was provided in our recent paper, 3 the overview presented in the remainder of this section will only include the papers published after the completion of the previous overview. Dissimilar metal FSW involving AA5186 aluminum alloy and low-carbon steel was studied by Dehghani et al., 16 who intended to determine the effects of various FSW process parameters, such as tool traverse speed and tilt angle, on the intermetallic volume fraction and mechanical properties of the welded workpiece. The study established a relatively narrow process window which resulted in joints that were defect-free and had low intermetallics content. Such joints had mechanical property values that were ca. 90% of those found in the base aluminum alloy.
FSW of AA6061-T6 and TRIP (TRansformationInduced Plasticity) steel thin sheets was investigated by Liu et al., 17 who instrumented the welding process to measure the welding force in the downward vertical direction and traverse direction, as well as the temperature distribution. The microstructure of the weld was characterized using optical and scanning electron microscopy and X-ray diffraction. The transverse mechanical properties of the weld were determined using uniaxial tensile testing. The key results obtained can be summarized as:
(a) the stir zone contained discrete sheared-off steel particles dispersed within the aluminum-alloy matrix.
The interface between the particles and the matrix was mainly composed of the Fe m Al n IMCs and, in the case of small steel fragments, the fragments were completely transformed into the IMCs; (b) the mix zone, located at the advancing side of the weld, contained a continuous layer of FeAl or Fe 3 Al IMCs, approximately 1 mm thick. Since tensile specimens did not fracture within the mix zone, 1 mm thick IMCs appeared to mainly play an inter-material bonding role and behave less as an embrittling phase; (c) through a parametric study involving two levels of rotation speed, three levels of traverse velocity, and two levels of tool offset, a combination of the FSW-process parameters was identified for which the weld had a tensile strength as high as 85% of that of the AA6061-T6 base metal; and (d) by monitoring the welding force and temperature, the extent of material softening during FSW could be inferred, which in turn can be, at least qualitatively, correlated to the type and extent of microstructural evolution (e.g. thickness of the IMC) within different regions of the weld.
However, the lack of a fractographic analysis meant that the role of the observed intermetallics in the fracture process could not be established.
The case of dissimilar metal FSW involving AA5050 and AISI 304 austenitic stainless steel was investigated in the work of Habibnia et al. 18 The work was focused on the effect of tool offset from the butting surfaces into the aluminum alloy, on the integrity and mechanical properties of the joint. The results obtained clearly revealed the existence of an optimum range of tool offset which yields structurally sound joints free of voids and other flaws, and characterized by a maximum tensile strength. Unfortunately, the extent of tensile-strength degradation experienced by the dissimilar metal FSW joint was not established, and neither was the effect of tool offset on the spatial distribution of the extent and type of IMCs within the weld.
Prior computational work on dissimilar metal FSW
When it comes to the problem of modeling the dissimilar metal FSW process, most of the aspects of the modeling and analysis are similar or identical for different combinations of the two materials being welded (including the cases when the two materials that are being joined are identical). For that reason, the overview given in this section will not focus only on the prior computational modeling dealing with aluminum-to-steel FSW, but also on modeling of the similar-metal and dissimilar metal FSW process in general. Furthermore, the overview presented in this section will include only the papers which were not overviewed in our recent paper dealing with FSWprocess modeling. 3 Zhang and coworkers, [19] [20] [21] [22] [23] [24] in a series of papers, developed and employed a three-dimensional fully coupled thermomechanical finite element model for the same-metal FSW process. They applied their model to investigate the effect of the FSW-process parameters, and the temperature-and rate-dependent workpiece material constitutive model, on several aspects of the process and the resulting weld: (a) material flow throughout the weld -tracer particles were strategically placed at different locations within the weld and their motion tracked, to help monitor the flow of the material; (b) evolution and distribution of the residual stresses within the weld; (c) development of the so-called ''onion ring'' features within the TMAZ -concentric circular-ring regions associated with substantially higher plastic deformation; (d) correlation between the plastic-strain distribution field and various microstructural (e.g. grain size, precipitate size, precipitate volume fraction, etc.) fields; and (e) conditions which result in the formation of weld flaws and structurally inferior joints. Unfortunately, none of the model predictions was verified using the appropriate experimental methods and tools.
Grujicic et al., in a series of papers, [25] [26] [27] [28] further improved the FSW process model developed by Zhang et al. [19] [20] [21] [22] [23] [24] by:
(a) introducing an adaptive remeshing technique in order to reduce the problems associated with numerical instabilities and inaccuracies in highly deformed finite elements;
(b) developing a microstructure-evolution algorithm for several solid-solution strengthened and coldworked aluminum alloys, as well as for several age-hardened aluminum alloys, during FSW. The algorithm combines the basic physical-metallurgy, material thermodynamics and diffusion-controlled phase-transformation kinetics principles with the unique microstructural features of the subject alloy, and with the microstructure evolution methods such as Monte Carlo, and incorporates the effects of time-dependent temperature, plastic deformation and stress fields; and (c) establishing functional relationships between the local microstructure in the weld and the corresponding material mechanical properties. In particular, since the work was focused on the FSW of a thick-plate metallic armor, the mechanical properties of interest were dynamic strength and fracture toughness.
In the study by Jamshidi Aval et al., 29 a threedimensional fully coupled thermo-mechanical dissimilar metal FSW process model was developed and applied to the case of joining a non-age-hardenable aluminum alloy to an age-hardenable one. The computed results for temperature were validated through comparison with the corresponding experimental results. The computed thermal histories of different regions of the dissimilar metal weld, along with the knowledge of the thermo-mechanical stability of the basic microstructure of the two aluminum alloys being joined, were used to explain the experimental results for the as-welded microstructure and the micro-hardness distribution within the weld. No attempt, however, was made to predict either the evolution of the microstructure or the changes in the associated mechanical properties in different regions of the weld.
Kheireddine et al. 30 applied the three-dimensional fully coupled thermo-mechanical same-metal FSW process model of Zhang and coworkers [30] [31] [32] [33] [34] [35] to the case of dissimilar metal FSW involving AA5083 and AZ31B magnesium alloy. Computational data for the temperature, material flow and local volume fraction of the two materials were validated against experimental data obtained using embedded thermocouples, small steel spheres implanted into the workpiece components prior to welding, and optical microscopy of transverse sections of the FSW welds, respectively. No attempt was made to predict either microstructure or mechanical-property evolution during the FSW process.
Main objectives
As reviewed in the previous section, previous computational modeling studies of FSW focused on employing various finite-element formulations to model the joining process itself. The distribution of the material microstructure and properties throughout the weld was then postulated by post-processing the results obtained for various thermo-mechanical and kinematic states of the material within the weld. While such an approach is generally considered adequate for the case of similar-metal FSW, it is less satisfactory for the case of dissimilar metal FSW, where the mechanical properties of the joints are often controlled by the spatial distribution of the type and size of the IMC particles throughout the weld. The main objective of the present work is to overcome these limitations of the prior FSW modeling approach. Towards that end, a multi-physics modeling approach is developed, within which FSW-process modeling is complemented with additional modeling and simulation procedures which address the problem of formation and growth of the IMCs during FSW, within different regions of the weld.
Paper organization
The structure of the multi-physics computational framework and details of the computational analyses employed within it are described in the Multi-physics computational modeling and analyses section. The key results yielded by the multi-physics computational approach are presented in the Results and discussion section. The main conclusions of the present study are summarized in the Summary and conclusions section.
Multi-physics computational modeling and analyses
The multi-physics modeling approach employed in the present study is shown schematically using a flowchart in Figure 3 While the eighth analysis (h) concerning the prediction of the FSW-weld properties is not the subject of the present manuscript, this analysis is being conducted in our ongoing investigation, the results of which will be reported in a future communication.
Dissimilar metal FSW process modeling
The FSW process is modeled using a thermomechanical finite-element analysis, the results of which are used to establish complex functional relationships between dissimilar metal FSW process parameters, overviewed in The fundamentals of dissimilar metal FSW section, and the defining features of the temperature (T), pressure (P), equivalent plastic strain ( " " pl ), volume fraction of iron ( f Fe ), etc. fields within the FSW joint. In turn, these relationships are used by the other seven modules of the multi-physics approach to predict the spatial distribution of the type and the extent of the Fe m Al n IMCs formed throughout the FSW weld.
Finite-element analysis of the FSW process requires specification of the: (a) geometrical model; (b) meshed model; (c) computational algorithm; (d) initial conditions; (e) boundary conditions; (f) contact interactions; (g) material models; (h) computational tool; and (i) computational accuracy, stability and cost.
Geometrical model
The computational domain used consists of two subdomains. The advancing (steel þ aluminum) and retreating (aluminum) sides of the workpiece are modeled using an Eulerian subdomain having a rectangular-parallelepiped shape with dimensions of L x Â L y Â L z ¼ 37.5 mm Â 37.5 mm Â 5.7 mm. For this subdomain, the x-axis is along the welding direction, the y-axis is along the workpiece-width direction, and the z-axis is along the workpiece through-thethickness direction. The FSW tool, which contains a tapered, threaded pin and a cylindrical shoulder having an upturned, truncated conical profile, is modeled using a Lagrangian subdomain. Figure 4 shows the geometrical models for the two FSW subdomains, with the tool retracted to show the geometry of its pin.
Meshed model
The Eulerian subdomain is divided into ca. 43,600 continuum, eight-node brick elements having a characteristic edge length of $ 0.57 mm. The Lagrangian tool is discretized using 17,660 four-node, tetrahedron continuum elements.
Computational algorithm
The combined Eulerian-Lagrangian (CEL) fully coupled thermo-mechanical analysis 25, [31] [32] [33] was employed to model the FSW process: the tool was modeled as a Lagrangian subdomain (the material is tied to the finite-element mesh, and moves and distorts with it, while each finite element can contain only one material), while the workpiece was modeled as an Eulerian subdomain (the material flows through the mesh that is fixed in space, while each finite element can contain one or more materials, including the void material).
To account for the fact that a small fraction of the plastic deformation work is stored in the form of crystal defects, 95% of this work was assumed to be dissipated in the form of heat. 3 Since additional details of the CEL analysis regarding the (a) Eulerian-Lagrangian contact (also referred to as the fluid-structure interaction) algorithm, (b) Eulerian-Lagrangian interface reconstruction algorithm, and (c) numerical procedure used for solution of the Eulerian-based governing equations can be found in our recent work, 3 these details will not be repeated here. (The conventional displacement-based purely Lagrangian finite-element formulation was not used to model FSW, since excessive element distortion within the workpiece may cause numerical problems, and inter-material mixing cannot be modeled within the same finite element.)
Initial conditions
Initially, the Eulerian-subdomain elements are filled with appropriate volume fractions of the aluminum and steel workpiece materials, with one or more top layers of elements left void so that Eulerian materials at the workpiece top surface may move upward without being lost from the domain. While the Eulerian subdomain is assumed to be stress-free and at rest, the Lagrangian tool is assigned a constant rotational velocity and zero translational velocity. Both subdomains are considered to be at ambient temperature.
Boundary conditions
Instead of simulating the FSW process by explicitly considering the translational motion of the FSW tool, it was assigned zero translational velocity and the workpiece material(s) was allowed to move through the Eulerian subdomain in the x-direction at a velocity that was the negative of the preferred tool translational velocity. To achieve this motion of the workpiece material(s), inflow and outflow velocity boundary conditions were applied appropriately at the x min and x max faces of the Eulerian subdomain (faces which are orthogonal to the welding direction). Therefore, the Eulerian subdomain depicted in Figure 4 does not represent the entire workpiece, but only embodies a rectangular-parallelepiped region, surrounding the tool, of an infinitely-long workpiece. The lateral clamping of the workpieces was simulated by applying a no-flow boundary condition assigned to the y min and y max faces of the domain (faces which are parallel to the welding direction). To mimic the rigid backing-plate preventing downward flow of the material, zero normal velocity was prescribed to the z min face of the domain. In accordance with the initial conditions prescribed to the top Eulerian-element layers, the outflow boundary conditions were applied to the z max face of the domain.
Standard thermal convection boundary conditions were prescribed over the free surfaces of both subdomains. In order to simulate the effect of enhanced heat extraction through the workpiece backing-plate, enhanced convection boundary conditions were applied to the z min face of the Eulerian subdomain.
Tool/workpiece contact interactions
Mechanical interactions between the tool and workpiece were accounted for using the so-called penalty algorithm (controls the normal interactions) and a modified Coulomb friction algorithm (controls the tangential interactions). Per the standard practice, a value of 0.3 was used for the static and kinetic friction coefficients. 27 Details of the penalty contact and modified Coulomb friction algorithms can be found in Grujicic et al. 4 The thermal interactions between the tool and the workpiece were modeled using the procedure developed in Grujicic et al. 34 to control the partitioning of the heat generated between the tool and the workpiece during the FSW process.
Contact interactions between different Eulerian materials are sticky due to the kinematic constraint, which requires all Eulerian materials in the same element to be subjected to the same strain. Contact interactions between Eulerian materials allow normal (tensile and compressive) stresses to be transferred between adjacent materials, but do not allow for slip at corresponding material boundaries.
Material models
Tool material: The tool material is assumed to be hotworked steel AISI H14, as is standard practice for dissimilar metal aluminum-to-steel FSW. As the tool is unlikely to plastically deform, and an analysis of the potential tool wear is beyond the scope of this study, AISI H14 is modeled as a mechanically isotropic, linear-elastic material having a Young's modulus of 210 GPa, a Poisson's ratio of 0.3, and a density ( ) of 7825 kg/m 3 . In addition, the tool material is taken to have a thermal conductivity (k) of 28.5 W/m K, and a specific heat (c p ) of 475 J/kgÁK; these thermal properties play an important role in partitioning the frictional-sliding-induced heat at the tool/workpiece interfaces.
Aluminum 
where K is the bulk modulus of the material, is the current density, and 0 the reference density.
Strength model. Hooke's Law (in its deviatoric form) is also used to model the elastic deviatoric response of the workpiece materials. Since they are considered isotropic, the elastic deviatoric response of each material is characterized by one parameter, the shear modulus, G. The plastic deviatoric response is described using three relations: (a) a yield criterion, i.e. a mathematical relation which defines the condition for plastic deformation to begin (and continue); (b) a flow rule, i.e. a mathematical relation which describes the rate of change of different plastic-strain components during plastic deformation; and (c) a constitutive law, i.e. a mathematical relation which describes the variation of material strength with the extent of plastic deformation, the rate of deformation and temperature. Since plastic deformation is considered to be purely distortional (volume-preserving) for the two workpiece materials, the von Mises yield criterion is applied, which states that the (von Mises) equivalent stress must be equal to the material yield strength for plastic deformation to occur/proceed. For the same reason, a normality flow rule is applied, which states that plastic flow occurs in the direction of the stress gradient of the yield surface (a locus of points within the associated multidimensional stress space at which the von Mises stress criterion is satisfied). The constitutive law is represented using our recent modification 32 of the original Johnson-Cook material model. 35 Within the original Johnson-Cook model, the yield strength, y , is defined as
where " " pl is the equivalent plastic strain, _ " " pl the equivalent plastic strain rate, _ " " 0 pl a reference equivalent plastic strain rate (equal to 1 s -1 ), A 1 the yield strength at zero plastic strain, unit plastic-strain rate and room temperature, B 1 the strain-hardening constant, n the strain-hardening exponent, C 1 the strain rate constant, m the thermal softening exponent and
The original Johnson-Cook model can represent the material behavior under large-strain, highdeformation-rate and high-temperature conditions, but only when annealing processes are absent. Since the annealing processes such as dynamic recrystallization are quite active during FSW, the use of this material model is limited. To overcome this problem, the Johnson-Cook model was modified in Grujicic et al., 32 in which it was first recognized that: (i) the strain-hardening term in equation (2) uses equivalent plastic strain " " pl as a measure of the dislocation density within the material; and (ii) this correlation is valid only in the absence of operation of the annealing processes. Once they begin, " " pl in equation (2) should be replaced with " " pl,mod ¼ " " pl À " " pl,annealed where " " pl is a measure of the total deformation while " " pl,annealed is a measure of the dislocation density (and so the strainhardening effect) removed by the annealing process.
Failure model. Since the workpiece metallic materials fail predominantly in a ductile mode, the failure condition is defined using the Johnson-Cook failure model, 35 as is usual. According to this model, the progress of failure is defined by the following cumulative damage law
where Á " " is the increment in equivalent plastic strain with an increment in loading and " " f is the failure strain at the current state of loading; and " " f is a function of the mean stress, the effective stress, the strain rate and the homologous temperature, given by Parameter identification. All the model parameters for the workpiece materials are taken from the ANSYS/ AUTODYN materials library, 36 and can be accessed by all licensed ANSYS/AUTODYN users. The authors of this paper are not permitted to publically disclose the material parameters for the workpiece.
Computational tool
The fully coupled thermo-mechanical problem of dissimilar metal FSW is solved using an explicit solution algorithm implemented in ABAQUS/Explicit, 37 a general-purpose finite element solver.
Computational accuracy, stability, and cost
A standard mesh sensitivity analysis was performed (the results not shown for brevity) to ensure that results yielded by the present analysis are accurate, i.e. insensitive to the element size used.
The explicit finite element analysis used is conditionally stable, requiring the maximum time increment during each computational step to be lower than the attendant stable time increment. To ensure computational accuracy and stability at a reasonable computational cost, a mass-scaling algorithm is employed, which adaptively adjusts the material density in the finite elements controlling the stable time increment without significantly (< 1%) affecting the results. A typical 60-s FSW computational analysis required 6 h of (wall-clock) time on a 12-core, 3.0 GHz machine with 16 GB of memory.
Quantum-mechanical analysis of the IMCs thermodynamic stability
During aluminum-to-steel dissimilar metal FSW, Fe m Al n IMCs are formed in the weld process zone under high-pressure (as well as under hightemperature) conditions. The effect of pressure on the thermodynamic stability of these compounds (Fe 3 Al, FeAl, FeAl 2 , Fe 2 Al 5 , FeAl 3 and Fe 4 Al 13 , Table 1 ) is typically not described in thermodynamic databases. To overcome this limitation, a series of quantum-mechanical calculations of this effect is carried out, and the results are used to enrich an in-house-developed thermodynamic database for these IMCs.
Using crystallographic data, the appropriate computational cells are constructed for all the potential Fe m Al n IMCs. Next, the computer program VASP (Vienna ab initio simulation package) [38] [39] [40] is used for a series of first-principles quantum-mechanical ab initio calculations of the total molar energy, as a function of the molar volume, of the competing Fe m Al n IMCs. These calculations are based on electronic densityfunctional theory (DFT) and Vanderbilt-type ultrasoft pseudopotentials (US-PP). 41 Electronic wave functions are expanded in plane waves with a kinetic energy cutoff of 281 eV, which is at least 1.38 times the default cutoff values for aluminum and iron. The exchange correlation part of the total energy is handled using the generalized gradient approximation (GGA) of Perdew and Wang. 42 Brillouin zone integrations were performed using Monkhorst-Pack 43 k-point meshes, and the Methfessel-Paxton 44 technique with the smearing parameter of 0.1 eV.
This part of the study yielded the (zero-temperature) total molar energy E (with an accuracy of better than 0.2 kJ/mol), as a function of the unit-cell volume V, where V 0 corresponds to the value of V at which E is minimum. The E vs. V results are next post-processed as follows:
(a) The equation of state due to Vinet et al. 45 is assumed to be valid
where P is the pressure, B 0 the isothermal bulk modu- 45 and integrated to give
(c) E vs. V quantum-mechanical results are next used to fit equation (5) and determine the optimal values for B 0 and ; (d) The results obtained in (c) are next used to compute volume dependence of the bulk modulus as
(e) Finally, the effect of pressure on energy is assessed by, for a given value of P, solving equation (5) for x (or V), and using the value of x (or V) in equation (6).
Atomic-level calculations of the Fe m Al n IMC/Al interfacial energy
For each Fe m Al n IMC, a number of Fe m Al n /Al interfaces are modeled, each of which is characterized by the specific relative crystallographic orientation of the two adjoining phases and by the orientation of the (planar) interface. For each IMC: (i) an atomistic Fe m Al n /Al bicrystal is first constructed. The bicrystal is made infinite in the lateral directions, using periodic boundary conditions, but has finite thickness in the direction normal to the interface between the adjoining crystals; (ii) the energy of the bicrystal is minimized; and (iii) the Fe m Al n /Al interfacial energy is computed by subtracting the energies of the Fe m Al n and Al (isolated/non-interacting) crystals, from the energy obtained in (ii). Finally, for each Fe m Al n /Al case, an average interfacial energy is computed using a proper averaging scheme. An example of a FeAl/Al bicrystal used to calculate the corresponding interfacial energy is shown in Figure 5 e. the unit-cell edge direction of FeAl is parallel with the face-diagonal direction of Al. The potential energy of this bicrystal is minimized within an atomistic/ molecular environment, within which the subject material(s) is modeled as an assembly of interacting atoms. In this study, Fe-Fe, Fe-Al, and Al-Al atomic two-atom, as well as multi-atom, interactions are described using the so-called embedded atom method (EAM) forcefields. 46, 47 Within the EAM framework, the potential energy E t of a system containing N atoms can be written as For each IMC, the 0 K equilibrium structure of the Fe m Al n /Al interface is determined by minimizing the energy under flexible periodic boundary conditions in two directions parallel to the interface and the freesurface boundary condition in the direction normal to the interface. Using the latter boundary condition allows the spacing of the planes parallel to and near the interface to adjust to the differences in the atomic environment. The equilibrium atomistic configuration for the (FeAl-side of the) FeAl/Al interface corresponding to the bicrystal given in Figure 5 (a) is shown in Figure 5 (b). Comparing this configuration to the corresponding perfect (i.e. non-equilibrated) FeAl atomistic configuration ( Figure 5(c) ) indicates the presence of two orthogonal families of the socalled anti-coherency interfacial dislocations (labeled D 1 and D 2 ), i.e. line defects which account for the presence/absence of extra half-planes across the interface. 49, 50 Interfacial regions separated by these dislocations are associated with the ''forced'' crystallographic-plane continuity across the interface and can also be represented in terms of the so-called coherency interfacial dislocations. 49, 50 Thermodynamic analysis of the Fe m Al n IMC-nucleation driving force Data for the effect of pressure on total molar energy (see the Quantum-mechanical analysis of the IMCs thermodynamic stability section, part (e)) are used to enrich an in-house-developed thermodynamic database for the effect of high pressures on the thermodynamic stability of Fe m Al n IMCs. Within this database, each Fe m Al n IMC is treated as a stoichiometric compound the ambient-pressure molar Gibbs free energy of which is modified to include the effect of pressure. The pressure effects on the Al-based solid solution are deemed insignificant and its molar Gibbs free energy is given using a RedlichKister-Muggianu sub-regular two-sublattice model 51 (one sublattice contains metallic species while the other contains carbon and vacancies).
The enriched thermodynamic database containing (composition-, temperature-and pressure-dependent) Gibbs free energy functions for the Fe m Al n IMCs and the associated Al-based solid solutions is coupled with ThermoCalc, 51 a general purpose material equilibrium-thermodynamics computational package. This coupling enables calculation of the local thermodynamic driving force for nucleation (a factor controlling the nucleation rate) of each Fe m Al n IMC considered, for any location within the FSW joint, using FSW process-simulation results for the distribution of the inter-material mixing, temperature and pressure throughout the weld (obtained in the Dissimilar metal FSW process modeling section).
ThermoCalc employs the common-tangent hyperplane method 52 to compute the local thermodynamic driving force for nucleation of any competing Fe m Al n IMC from the supersaturated solid solution (i.e. the mixture of the two workpiece materials). Essentially, this method computes the Gibbs free energy reduction which could be realized if the chemical species are extracted from the supersaturated solid solution and converted into the IMC of interest while keeping the activity of each chemical species unchanged. This process corresponds to the one associated with random fluctuations forming in the structure of the supersaturated solid solution, the fluctuations which may result in the formation of the IMC nuclei.
The local, instantaneous Fe-supersaturation of the Al-based solid solution, C 0 , with respect to the precipitation of each of the competing Fe m Al n IMCs was also calculated in this part of the study. Assuming the nucleation process is homogeneous and the Fe m Al n IMC nuclei are spherical (with radius r), and following the standard procedure (e.g. Christian 53 ), the Gibbs free energy change ÁG accompanying nucleation of a single spherical particle is given by
Calculation of the Fe m Al n IMC-nucleation rate
where ÁG v is the Gibbs free energy change per unit volume accompanying a single nucleation event (equal to the negative ratio of the molar nucleation driving force and the molar volume, as computed in the Thermodynamic analysis of the Fe m Al n IMCnucleation driving force section), is the (positive) interfacial energy (determined in the Atomic-level calculations of the Fe m Al n IMC/Al interfacial energy section), and ÁG st is the (volumetric and positive) strain-energy term (discussed below). The nucleation activation energy, ÁGÃ, and the critical nucleus radius, rÃ, are determined from the condition @ ÁG 
, where the first fraction represents an average bulk modulus of the two phases, while the second fraction represents the square of the volumetric strain accompanying nucleation of Fe m Al n from the supersaturated Al-based solid solution.
Using the Fe-supersaturation C 0 (determined in the Thermodynamic analysis of the Fe m Al n IMCnucleation driving force section), the homogeneous nucleation rate _ N (nuclei per volume per time) is next calculated as
where ! is the atomic frequency term and k is the 
Calculation of diffusion-controlled growth rate of the Fe m Al n IMCs
While IMC-formation in the mix zone of the FSW joint is necessary for adequate inter-material bonding, excessive IMC growth is accompanied by embrittlement. In this part of the study, the kinetics of the diffusion-controlled IMC growth is studied using DICTRA, a software package for simulating diffusion-controlled transformations in multicomponent multi-phases systems. 54 DICTRA-based analyses use both thermodynamics (constructed in the Atomiclevel calculations of the Fe m Al n IMC/Al interfacial energy section) and atomic mobility and kinetics (available within DICTRA) databases. While the DICTRA atomic mobility database for the Fe-Al system is quite complete, it does not account for short-circuit diffusion caused by crystallographic defects in the weld. 17 To quantify these effects, the following approach is used: (i) dislocations are assumed to be the dominant cause of short-circuit diffusion; (ii) the short-circuit diffusion amplification factor for the respective DICTRA mobility data is assumed to scale with the equivalent plastic strain, or more precisely with " " pl,mod (defined in the Dissimilar metal FSW process modeling section); and (iii) the values for " " pl,mod throughout the FSW joint are provided by the FSW process-modeling results (see the Dissimilar metal FSW process modeling section).
In DICTRA, the diffusion-controlled growth of Fe m Al n IMCs within an Al-based supersaturated solid solution (Al-ss) is modeled by solving the multicomponent non-steady-state atomic diffusion equation 54, 55 
where J K is the diffusional flux of atomic species K, L 0 Ki is a proportionality factor that depends on the mobility of the atomic species (this term was modified to account for short-circuit diffusion), i is the chemical potential for atomic species i in the solid solution, and z is the spatial coordinate in the one-dimensional (Cartesian, cylindrical or spherical) coordinate system employed by DICTRA.
The Fe m Al n /Al interface migration rate, i.e. the growth rate of the Fe m Al n IMCs, is calculated in DICTRA using the moving-boundary model, 54 within which interface migration is controlled by the mass balance for the flux of diffusing species across the interface as FemAln=AlÀss c
where FemAln=AlÀss is the interface migration rate, c are the corresponding diffusional fluxes. The two interfacial concentrations are subject to the constraint of local thermodynamic equilibrium, and DICTRA is coupled with ThermoCalc to ensure that this constraint is met.
The final output of this kinetics analysis is the distribution of the IMCs growth rate, _ G, throughout the weld.
Calculation of the Fe m Al n IMC volume fraction
The spatial distribution of the volume fraction of each Fe m Al n IMC is computed using the KolmogorovJohnson-Mehl-Avrami (KJMA) computational framework 56 and the nucleation and growth rates, _ N and _ G, determined for that IMC, as well as the corresponding distribution and evolution of the material temperature.
For an isothermal phase transformation, the KJMA framework gives the following expression for the volume fraction of an IMC
where f eq FemAln is the equilibrium volume fraction of the Fe m Al n IMC in question, and t is time. This equation cannot be directly employed, since the temperature of a material point within the FSW joint is not constant. Instead, the temperature history of a material point within the weld is approximated as a sequence of N isothermal steps of equal (short) duration Át, each associated with a temperature T i . Then equation (13) is used to compute and aggregate the contributions of all the isothermal transformation steps as
Results and discussion ; (e) tool axis offset from the contact interface -2.28 mm into the Al workpiece; (f) tool design -as seen in Figure 4 , with a more detailed description given in Grujicic et al., 26 and (g) tool material -AISI H14.
Dissimilar metal FSW process modeling
For the steady-state regime of FSW, field plots of temperature, pressure, equivalent plastic strain and volume fraction of Fe are shown in Figure 6 (a) to (d), respectively. History plots of the temperature, pressure, equivalent plastic strain and volume fraction of Fe, for a selected material point within the weld, are shown in Figure 7 (a) to (d), respectively. (Since the workpiece materials flow through the Eulerian mesh, the same Eulerian elements contain different material points at different times. For this reason, the history plots had to be generated for the material points and not for the finite elements.) Such history plots, for a large number of material points residing in the weld, are used to compute the distribution of the Fe m Al n IMC volume fraction.
Quantum-mechanical analysis of the IMCs thermodynamic stability
The results of the quantum-mechanical analysis for the variation of total molar energy of the FeAl IMC with molar volume and pressure are shown in Figure 8 (a) and (b). (The second graph was obtained using Eqs. (5)- (7) and the procedure described in the Quantum-mechanical analysis of the IMCs thermodynamic stability section) Similar results (not shown for brevity) are also generated for the remaining five Fe m Al n IMCs. The data for total molar energy as a function of pressure are next used to modify the thermodynamic database for the Fe m Al n IMCs, in order to include the effect of pressure on the thermodynamic stability of these phases. 
Atomic-level calculations of the Fe m Al n IMC/Al interfacial energy
The maximum, minimum and mean values for the interfacial energy between Al and each of the six Fe m Al n IMCs were obtained from atomic-level calculations and are denoted using discrete symbols in Figure 9 . The mean values for the interfacial energy are also connected with a solid line.
Thermodynamic analysis of the Fe m Al n IMC-nucleation driving force
For each of the six Fe m Al n IMCs, and for T ¼ 855 K, P ¼ 2.3 GPa, and f Fe ¼ 0.27, the molar driving force for nucleation is computed and plotted in Figure 10 (a). For the same IMCs and thermodynamic conditions, Fe-supersaturation (defined in the Thermodynamic analysis of the Fe m Al n IMC-nucleation driving force section) of Al-based solid solution is plotted in Figure 10 (b). Such results are generated for as many material points as there are elements in one lateral cross section of the Eulerian subdomain, and at multiple points along the pathline of each material element.
Calculation of the Fe m Al n IMC-nucleation rate
The procedure used to calculate the IMCnucleation rate is described in detail using the FeAl IMC (and the results shown in Figures 9 and 10(a) and (b)) as an illustration. The steps of the procedure are as follows:
(a) The volumetric Gibbs free energy change term is calculated as (b) The nucleation strain-energy term is calculated as In the case of FeAl, half of the atoms in the nucleus are Fe and the other half are Al.
(e) The supersaturation is calculated as The diffusion-controlled growth rates of the six Fe m Al n IMCs, for the conditions T ¼ 855 K, P ¼ 2.3 GPa, and f Fe ¼ 0.27 (same thermodynamic parameters as in the Thermodynamic analysis of the Fe m Al n IMC-nucleation driving force section), as obtained using DICTRA and the dislocation-density-modified atomic-mobility database, are shown in Figure 11 . Such results are again generated for the number of material points equal to the number of elements in one lateral cross section of the Eulerian subdomain, and at multiple points along the pathline of each material element.
Calculation of the Fe m Al n IMC volume fraction
The evolution of the FeAl volume fraction over a period of 45 s, at a constant temperature of 855 K, is shown in Figure 12 . These results are based on the nucleation rate and growth rate computed in the Calculation of the Fe m Al n IMC-nucleation rate and Calculation of diffusion-controlled growth rate of the Fe m Al n IMCs sections, respectively. Although this graph has limited value, FSW being a non-isothermal process, the graph indicates that the volume fraction of a precipitating phase, i.e. FeAl IMC, evolves in sigmoidal fashion. The spatial distributions, at the exit face of the Eulerian domain, of the volume fractions of five of the six Fe m Al n IMCs under investigation for the FSW-process conditions specified at the start of this section, are shown in Figure 13 
Brief discussion
The discussion presented in the Multi-physics computational modeling and analyses section and earlier in the Results and discussion section indicates that the multi-physics computational framework enables understanding of the effect of the FSW-process parameters on the extent and distribution of different IMCs which can form during the FSW of aluminum 1050A-O and AISI 1005 low-carbon steel. However, the analysis up to this point has been conducted for a single set of process parameters; the sensitivity of the extent and distribution of the IMCs to variation in the process parameters within the established process window is not clear. Figure 14 (a) and (b) shows, respectively, the spatial distribution of the Fe 3 Al and FeAl IMCs for the same dissimilar metal FSW case, where only two process parameters are adjusted relative to their original values, the tool rotational speed (300 r/min) and the tool backward-tilt angle (1.5 ). Comparing the results shown in Figures 13(a) and (b) and 14(a) and (b), the new set of process parameters is observed to yield lower volume fractions of Fe 3 Al and FeAl, and the regions associated with the maximum volume fractions of these IMCs are observed to be less concentrated in the mix zone and to be more spread out. Based on the discussion presented in the Prior experimental work on dissimilar metal aluminum-to-steel FSW section, these changes are expected to lead to improved fracture toughness of the weld. Predicting the effect of these changes on the weld strength will be possible only after the critical volume fractions of Fe m Al n IMCs necessary for the required level of intermaterial bonding are determined. To be able to select the process parameters (design variables) appropriately to attain the required volume fractions and spatial locations of the IMCs (objective function), the multi-physics computational framework is being coupled with a general purpose optimization algorithm in an ongoing study.
Experimental validation of the present computational results
The present work is of a purely computational character and no experimental results are generated by the present authors to provide experimental validation/ verification of the model predictions. To at least partially overcome this shortcoming, relevant experimental results for the nature of the Fe m Al n IMCs found in the aluminum-to-steel dissimilar metal FSW joints, as reported in the open literature, [16] [17] [18] [57] [58] [59] have been identified and used to validate the computational results. This effort identified the experimental work of Liu et al. 17 as being the most relevant to the present computational work. Specifically, Liu et al. 17 found that, while all the competing Fe m Al n IMCs are present within the aluminum-to-steel dissimilar metal FSW joints, Fe 3 Al and FeAl are present with the highest volume fractions. These experimental results are in full agreement with the computational results depicted in Figure 10 
Summary and Conclusions
Based on the results presented and discussed in the present study, the following main summary remarks and conclusions can be made:
1. The problem of inter-material mixing and intermetallic compounds (IMCs) formation during friction stir welding (FSW) of dissimilar metals is addressed by developing a multi-physics computational framework, which includes four main components: (a) finite-element-based modeling of the ) are adjusted, while the remaining process parameters are as specified at the start of the Results and discussion section.
